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1. Summary 

An increasingly significant field of present-day biomedical and cancer research is the identification 

of new antitumor agents originating from natural sources, such plant alkaloids. Among these, β-

carboline alkaloids such as harmine have shown remarkable anticancer effects, which qualifies 

them as interesting candidates for the creation of new anticancer treatments. 

The aim of this dissertation is to evaluate the antiproliferative and cytotoxic effects of the naturally 

occurring alkaloid harmine and a series of thirty-three N9-substituted harmine derivatives in vitro, 

using a panel of various cancer cell lines alongside a non-cancerous human lung fibroblast cell line. 

The cytotoxicity of harmine and its derivatives was investigated first in a panel of cancer cell lines. 

Derivative 6, bearing a 3,5-dimethylbenzyl substituent, showed the most powerful cytotoxic 

activity; IC50 values below 10 µM across all tested cancer cell lines were achieved while IC50 values 

exceeding 100 µM in the non-cancerous cells. Using proliferative and viability experiments, and 

the xCELLigence real-time cell analysis system, which both showed a concentration-dependent 

inhibition of cancer cell growth with minimum impact on non-malignant cells, compound 6's potent 

antiproliferative effects were confirmed. 

Further investigation of the molecular mechanisms underlying the cytotoxic effect of compound 6 

was performed in the leukemic MOLT-4 cell line. Flow cytometric analysis demonstrated 

significant accumulation of cells in the G1 phase of the cell cycle. This effect was associated with 

decreased levels of phosphorylated retinoblastoma protein (Rb) and an increase in the expression 

of the cyclin-dependent kinase inhibitor p27, as determined by Western blot analysis. 

Using Annexin V/PI staining and TUNEL assay, the induction of apoptosis was revealed. This was 

further proved by caspase activity assays which showed that both the intrinsic via caspase-9 and 

extrinsic apoptotic pathway via caspase-8 were activated, along with the subsequent activation of 

caspase-3/7. Also, Western blot analysis showed a concentration-dependent increase in Bax/Bcl-2 

ratio. In addition, using immunofluorescence microscopy, the levels of poly(ADP-ribose) (PAR) 

and phosphorylated histone H2AX (γH2AX) were increased indicating the presence of single-

stranded breaks in DNA and double-stranded breaks in DNA. 

Furthermore, compound 6 demonstrated minimal inhibitory activity against monoamine oxidase A 

(MAO-A) and did not contribute to the generation of reactive oxygen species (ROS), in so doing 

lowering the risk of possible off-target effects. 

In conclusion, the results demonstrate that cell cycle regulation, induction of programmed cell 

death via both intrinsic and extrinsic apoptotic pathways, and the instigation of DNA damage 

represent the principal mechanisms underlying the action of harmine and compound 6. These 

findings highlight their potential as a selective and promising candidate for antileukemia therapy. 
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2. Souhrn 

Stále významnější oblastí současného biomedicínského a onkologického výzkumu je hledání 

nových protinádorových látek pocházejících z přírodních zdrojů, například rostlinných alkaloidů. 

Mezi těmito látkami vykazují β-karbolinové alkaloidy, jako je harmin, výrazné protinádorové 

účinky, díky čemuž představují zajímavé kandidáty pro vývoj nových protinádorových léčiv. 

Cílem této disertační práce bylo in vitro zhodnotit antiproliferační a cytotoxický účinek přírodního 

alkaloidu harminu a třiceti tří jeho N9-substituovaných derivátů s využitím panelu nádorových 

buněčných linií různých histotypů a nenádorové linie lidských plicních fibroblastů. 

V první fázi byla testována cytotoxicita harminu a jeho derivátů na panelu nádorových buněčných 

linií. Nejúčinnější aktivitu vykazoval derivát 6 nesoucí 3,5-dimethylbenzylovou substituci, jenž 

dosáhl hodnot IC50 pod 10 µmol u všech testovaných nádorových linií, přičemž u nenádorových 

buněk IC50 přesahovala 100 µmol. Pomocí experimentů zaměřených na proliferaci a viabilitu 

buněk a systému pro monitorování buněčné proliferace v reálném čase xCELLigence byl 

antiproliferační účinek sloučeniny 6 potvrzen, přičemž byl zaznamenán koncentrací závislý pokles 

růstu nádorových buněk při minimálním dopadu na nenádorové buňky. 

Další podrobné studium molekulárního mechanismu účinku sloučeniny 6 bylo provedeno na 

leukemické buněčné linii MOLT-4. Průtoková cytometrie odhalila významnou akumulaci buněk v 

G1 fázi buněčného cyklu. Tento efekt byl spojen s poklesem hladiny fosforylovaného 

retinoblastomového proteinu (Rb) a zvýšením exprese inhibitoru cyklin-dependentních kináz p27, 

jak bylo prokázáno metodou Western blot. 

Indukce apoptózy byla kvantifikována pomocí značení Annexin V/PI a TUNEL testu. Tato zjištění 

byla dále potvrzena stanovením aktivity kaspáz, která prokázala aktivaci jak vnitřní apoptotické 

dráhy prostřednictvím kaspázy-9, tak vnější apoptotické dráhy prostřednictvím kaspázy-8, spolu s 

následnou aktivací efektorových kaspáz-3/7. Western blot analýza dále ukázala koncentrací závislý 

nárůst poměru Bax/Bcl-2. Pomocí imunofluorescenční mikroskopie bylo zjištěno zvýšení hladin 

poly(ADP-ribosy) (PAR) a fosforylovaného histonu H2AX (γH2AX), což svědčí o přítomnosti 

jednořetězcových a dvouřetězcových zlomů DNA. 

Dále bylo zjištěno, že sloučenina 6 vykazuje minimální inhibiční aktivitu vůči monoaminoxidáze 

A (MAO-A) a nepřispívá k tvorbě reaktivních forem kyslíku (ROS), čímž se snižuje riziko 

možných mimocílových účinků. 

Závěrem lze tedy konstatovat, že regulace buněčného cyklu, indukce programované buněčné smrti 

prostřednictvím vnitřní i vnější apoptotické dráhy a indukce poškození DNA představují hlavní 

mechanismy účinku harminu a jeho derivátu 6. Získaná zjištění poukazují na jejich potenciál jako 

selektivních a perspektivních kandidátů pro terapii leukémie. 
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3. Introduction of the issue 

3.1. Hallmarks of cancer 

The hallmarks of cancer represent biological capabilities acquired during the progression of human 

cancers, providing a framework to comprehend the complexities of neoplastic diseases. These 

hallmarks include the maintenance of proliferative signaling, evasion of growth suppressors, 

resistance to cell death, replicative immortality, induction of angiogenesis, and activation of 

invasion and metastasis. Central to these hallmarks are genomic instability, which generates genetic 

variation that accelerates their acquisition, and inflammation, which enhances many hallmark 

functions. Cancer cells develop six distinct traits that promote uncontrolled growth: they become 

self-sufficient in growth signals through mechanisms such as producing their own mitogens or 

overexpressing receptors; they lose responsiveness to growth-inhibitory signals due to disruptions 

in pathways like the retinoblastoma pathway; they evade apoptosis by activating pro-survival 

pathways and producing excess antiapoptotic proteins; they achieve unlimited replication ability 

through recombination or telomere maintenance; they induce angiogenesis, favoring proangiogenic 

factors like VEGF; and they invade other tissues, leading to metastasis, which is a primary cause 

of cancer mortality. Understanding these interconnected characteristics aids in elucidating the 

complexity of cancer (Hanahan D. et al., 2000; Hanahan D. et al., 2011). 

 

3.2. Cellular mechanisms of action of cancer 

Cancer is characterized by the uncontrolled proliferation of cells due to dysregulation of the cell 

cycle and evasion of apoptosis, primarily originating from mutations in key regulatory genes such 

as the tumor suppressor p53, which hinder normal DNA damage repair mechanisms (Reed J. C., 

2003). These mutations enable abnormal cells to survive and proliferate. To combat these 

processes, anticancer strategies focus on various cellular and molecular pathways, including the 

induction of apoptosis, cell cycle arrest at critical checkpoints (like G1/S or G2/M), and inhibition 

of angiogenesis and metastasis. Additionally, these strategies regulate crucial signaling pathways 

such as PI3K/AKT and MAPK to suppress tumor growth and progression (Vijayalakshmi M. et al., 

2024). The effort to halt irregular cell growth reinforces the importance of targeted therapeutic 

approaches in cancer treatment. 

The cell cycle is a series of processes that allow a cell to divide into two identical daughter cells, 

categorized into four stages: G1, S, G2, and M. The M phase includes prophase, prometaphase, 

metaphase, anaphase, telophase, and cytokinesis. Cyclin-dependent kinases (CDKs) and their 

regulatory cyclin subunits play a crucial role in regulating cell cycle progression (Wang Z., 2022). 

 

3.3. Cell cycle regulation 

Key checkpoints in the cell cycle include the G1/S phase, which ensures proper transition to DNA 

replication. The retinoblastoma protein (Rb) regulates this checkpoint by inhibiting E2F 
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transcription factors in early G1. As the cell progresses, cyclin D-CDK4/6 and cyclin E-CDK2 

complexes phosphorylate Rb, allowing E2F activation and promoting cell cycle progression. The 

tumor suppressor p53 responds to DNA damage by inducing p21, which inhibits cyclin-CDK 

complexes, preventing Rb phosphorylation and E2F activation. Dysregulation of this checkpoint 

can lead to cancer (Bertoli C. et al., 2013). 

The G2/M checkpoint prevents cells with damaged DNA from entering mitosis, maintaining 

genomic integrity. This checkpoint involves interactions between checkpoint proteins, including 

CDK1 and cyclins A and B. Proper functioning of the G2/M checkpoint is essential to prevent 

mutations that could lead to cancer (Stark G. et al., 2004). 

Signaling pathways like MAPK/ERK and PI3K/AKT are vital for cell cycle regulation. The 

MAPK/ERK pathway, activated by growth factors, induces cyclin D1 transcription, facilitating the 

G1-S phase transition by phosphorylating Rb (Meloche S. et al., 2007; Dhillon et al., 2007). The 

PI3K/AKT pathway promotes cell cycle progression by enhancing CDK4/6 activity and 

suppressing CDK inhibitors like p27 (Vara et al., 2004; Manning B. D. et al., 2017). 

Flow cytometry is a common technique for evaluating the cell cycle, involving the staining of cells 

with DNA-binding fluorochromes and analyzing them through a laser beam. This method allows 

differentiation of cells in G1, S, and G2/M phases based on fluorescence intensity (Pozarowski P. 

et al., 2004). This technique was utilized in our study to investigate the regulation of the cell cycle 

by our compound. 

 

3.4. Mechanisms of cell death 

Different types of cell death, including apoptosis, autophagy, and necrosis, significantly influence 

cancer growth and treatment strategies. Understanding these mechanisms is crucial for 

developing effective cancer therapies (Yan G. et al., 2020).  

Apoptosis (type I) is a regulated process that eliminates damaged or aging cells through 

morphological changes such as chromatin condensation and nuclear fragmentation. This process is 

often disrupted in cancer, leading to apoptosis resistance, which allows cancer cells to survive 

despite the presence of death inducers (Reed J.C., 2003). Apoptosis is initiated via intrinsic 

(mitochondrial) and extrinsic (death receptor) pathways, involving key molecules like caspases. 

The extrinsic pathway is activated by ligands such as tumor necrosis factor (TNF), while the 

intrinsic pathway involves the release of cytochrome c from mitochondria, activating caspase-9 

and downstream executioner caspases (Kim J. et al., 2000; Chipuk J. et al., 2006). The balance 

between pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) proteins regulates this process (Das S. et 

al., 2021). 

In contrast, necrosis (type III) is an uncontrolled form of cell death associated with severe cellular 

injury, often resulting from external factors like toxins or physical damage. It does not require 

energy and leads to cellular membrane rupture and loss of intracellular content (Degenhardt K. et 
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al., 2002). Necrosis can be detected through assays measuring lactate dehydrogenase (LDH) 

activity and membrane permeability (Yan G. et al., 2020). 

Autophagy (type II) involves the degradation of cellular components and can protect cells from 

stress by recycling damaged organelles and proteins. It can also lead to cell death under prolonged 

stress. Autophagy encompasses various forms, including macro-autophagy, micro-autophagy, and 

chaperone-mediated autophagy, with specific types like mitophagy targeting mitochondria (Reed 

J.C., 2003). While autophagy may support cancer cell survival, the focus of the study was to 

determine since our compounds primarily induce apoptosis. 

 

3.5. Alkaloids in Anticancer drug development 

Natural products are crucial in drug development, particularly in cancer therapy, where 

approximately 60% of effective anticancer agents are derived from these compounds (Goel B. et 

al., 2024; Ali Abdalla Y. O. et al., 2022; Rayan A. et al., 2017). Secondary metabolites from plants, 

including phenolics, terpenes, and alkaloids, play significant roles in disease prevention and 

treatment (Atanasov A. G. et al., 2021; Koutova D. et al., 2023). Alkaloids, characterized by their 

cyclic structures and basic nitrogen atoms, are notable for their therapeutic properties, as they can 

permeate lipid membranes under certain conditions (Heinrich M. et al., 2021; Olofinsan K. et al., 

2023). The first alkaloid used in cancer treatment, derived from Vinca rosea, led to the development 

of vinca alkaloids like vincristine and vinblastine, which are widely used in chemotherapy (Banyal 

A. et al., 2023). Other significant alkaloid-derived anticancer agents include paclitaxel and 

camptothecin. Despite their importance, alkaloids often face challenges such as low bioavailability 

due to poor solubility and membrane permeability, which hinders their therapeutic potential (Lu J. 

J. et al., 2012). The goal of ongoing research is to develop compounds that enhance both 

cytotoxicity against cancer cells and bioavailability. 

 

3.6. Harmine: A β-Carboline Alkaloid 

Harmine is a naturally occurring β-carboline alkaloid initially discovered in Peganum harmala L. 

(Hu Y. et al., 2024; Joshi H. et al., 2025). It, along with harmaline, was isolated from the plant's 

seeds and roots in the 1840s (Moloudizargari M. et al., 2013). Harmine exhibits various 

pharmacological properties, including anticancer, antioxidant, antidepressant, anti-inflammatory, 

and neuroprotective effects (Timbilla A. A. et al., 2025). Recent studies highlight its anticancer 

capabilities, such as inhibiting tumor cell growth, cell cycle progression, survival, angiogenesis, 

and metastasis (Joshi H. et al., 2025). It induces apoptosis in cancer cells by modulating Bcl-2 and 

bac expression (Lui F. et al., 2024). 

Harmine has demonstrated significant anticancer effects in various studies, both in vivo and in vitro, 

by inhibiting tumor proliferation, migration, and invasion, promoting apoptosis, and preventing 

tumorigenesis (Chen Q. et al., 2005; Ding Y. et al., 2019). Its mechanisms include blocking 
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epithelial-to-mesenchymal transition (EMT), inhibiting angiogenesis, and regulating the cell cycle 

(Hu Y. et al., 2024).  

Apoptosis, a natural process for eliminating old cells, is often disrupted in tumors, leading to 

uncontrolled growth (Mohammed R. M. et al., 2015). Harmine has been shown to induce apoptosis 

in various cancer cell lines, such as BGC-823 and SGC-7901, by activating apoptotic proteins like 

caspases (Zhang P. et al., 2016; Li C. et al., 2017). In hepatic cancer cells, harmine reduces the 

expression of anti-apoptotic proteins Mcl-1 and Bcl-2, promoting apoptosis through caspase 

activation (Cao M. et al., 2011). Additionally, in melanoma cells, harmine induces apoptosis by 

activating pro-apoptotic factors (Hamsa T.P. et al., 2011). 

Harmine also exhibits anti-angiogenic properties by inhibiting vascular endothelial growth factor 

(VEGF) production through the NF-κB signaling pathway, thereby limiting tumor blood supply 

(Hamsa T.P. et al., 2011; Tshikhudo P. P. et al., 2024). Furthermore, it binds to DNA, causing 

damage and disrupting DNA synthesis, which contributes to its antiproliferative effects (Sharma S. 

et al., 2016; Nafisi S. et al., 2010). 

The regulation of the cell cycle is another critical mechanism through which harmine inhibits tumor 

growth. It has been shown to cause cell cycle arrest in various cancer cell lines, including colon 

and liver cancer cells, by modulating cyclin and CDK expression (Lui J. et al., 2016; Cao M. et al., 

2011). Harmine also induces DNA damage, leading to the upregulation of p53 target genes, which 

further promotes cell cycle arrest and apoptosis (Zhao L. et al., 2013). 

Moreover, harmine has shown synergistic effects when combined with chemotherapeutic agents 

like paclitaxel, enhancing anticancer efficacy by downregulating COX-2 and MMP-9 in gastric 

cancer cells (Yu X. J. et al., 2016; Sun K. et al., 2015). This combination treatment has been 

associated with improved outcomes compared to individual therapies. 
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4. Objectives of the Dissertation 

The aim of this dissertation is to improve the anticancer effects of the β-carboline alkaloid, harmine, 

through the synthesis and preparation of semisynthetic derivatives and to assess their cytotoxicity 

towards cancerous cells in vitro using a panel of tumor cell lines of various histotypes. The specific 

objectives of the work were as follows: 

• To prepare and develop a library of semisynthetic harmine derivatives with the aim of 

improving the cytotoxic and candidate antitumor properties of harmine by synthesizing 

novel derivatives suitable for further biological evaluation. 

• To perform cytotoxicity screening tests to determine the growth percentage (GP) of 

harmine and its semisynthetic derivatives in a panel of cancer cell lines representing various 

cancer types. 

• To find the most cytotoxic compound by determining the minimum concentration at 

which 50% of the cells are inhibited (IC50) values and to assess their effects on cell 

proliferation and viability using appropriate experimental methods. 

• To investigate how this active compound influences the progression of the cell cycle by 

observing whether it can induce cell cycle arrest or suppress progression through the phases 

of the cell cycle. 

• To assess the compound's capacity to trigger apoptosis using techniques like caspase 

activity assays, TUNNEL, and Annexin V/PI. As well as quantifying the number of 

apoptotic cells in the early and late phases of apoptosis using flow cytometry and related 

methods. 

• To explore the molecular mechanisms that constitute the cytotoxic and cytostatic effects 

that have been observed, with an emphasis on the role of signaling pathways which regulate 

apoptosis-related proteins and regulate the cell cycle. 

• To investigate the compound’s ability to induce DNA Damage by detecting single- and 

double-strand DNA breaks through immunofluorescence visualization of the DNA damage 

markers PAR and γH2AX, respectively. 

• To investigate the potential mitigation of off-target monoamine oxidase A (MAO-A) 

inhibition, evaluate FLT3 sensitivity, and assess selective cytotoxicity toward cancer 

versus non-cancer cells using the selectivity index. 

• To explore the toxicity and pharmacokinetic properties of the compound using in-silico 

methods such as ProTox-3.0 and SwissADME. 
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5. Materials and methodology 

 

5.1. Plant material 

Peganum harmala seeds (294 g) were purchased in a local market in Markazi province, Arak city 

(Iran) in June 2019. Pharmacognostical identification was performed by prof. RNDr. Lubomír 

Opletal, CSc. A voucher specimen has been deposited at the Department of Pharmacognosy and 

Pharmaceutical Botany, Faculty of Pharmacy in Hradec Králové under the following code number 

AL-692. 

 

5.2. Extraction and isolation of harmine (1)  

Ground seeds of P. harmala were Soxhlet-extracted successively with petrol ether and MeOH for 

2 hours. The petrol ether extract was discarded, the MeOH extract was concentrated using a rotary 

vacuum evaporator at 40 °C to a brown syrupy residue. The residue was dissolved in 5% HCl (2 

L) and diluted with H2O to 4 L. The acidic aqueous solution was filtered through a Celite 535 layer, 

then subsequently alkalized with 10% Na2CO3 to pH 9–10 and extracted with CHCl3 (4 × 2 L). 

The organic phase was evaporated to obtain a summary alkaloid extract (26 g). The alkaloid extract 

was purified by LLE again, similarly as above mentioned, but the acidic aqueous layer was defatted 

by Et2O. After alkalization, the CHCl3 layer was dried using anhydrous Na2SO4 and evaporated 

under reduced pressure to obtain 18 g of the purified alkaloid extract. 

The extract was fractionated by Flash chromatography on the glass column packed with neutral 

alumina (900 g) using a mobile phase containing solvent A (CH2Cl2:NH4OH; 100:0.2%) and 

solvent B (MeOH:NH4OH; 100:0.2%). First, the column was equilibrated with solvent A. The 

extract was separated using a 400 min program, starting with isocratic elution with 100% A (30 

min), then linearly increased to 100% B (30–210 min), and 100% B held for 30 min. The flow rate 

was set at 50 mL/min and individual fractions were collected by monitoring the eluting analytes at 

254 nm, 274 nm, 321 nm and 376 nm. Totally, 87 fractions were collected, which were combined 

into 5 fractions (A–E), based on analytical TLC. Subsequent preparative TLC of fractions A (982 

mg) and B (1.88 g) using CH2Cl2:MeOH:NH4OH (60:30:0.2, 2×) and EtOAc:MeOH:NH3 (100:8:3, 

2×) gave 1 (2.1 g). 

 

5.3. Procedure for preparation of 1 derivatives 

Harmine 1 (1.0 eq) was dissolved in 2 mL of a 1:1 (v/v) mixture of anhydrous dimethylformamide 

(DMF) and tetrahydrofuran (THF) under an inert argon atmosphere. Sodium hydride (NaH, 1.05 

eq; or 1.5 eq in selected cases, 60% suspension in mineral oil) was carefully added in portions to 

the solution, maintaining the reaction mixture in an ice bath at 0°C. The mixture was stirred at this 

temperature for 10 minutes. Subsequently, the alkylating agent (1.05 eq) was added, and the 

reaction was stirred at ambient temperature overnight. The progress of the reaction was monitored 
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using thin-layer chromatography (TLC). Upon completion, the reaction mixture was concentrated 

under reduced pressure, and the resulting residue was purified by preparative TLC to obtain 2–34. 

 

5.4. Screening of antiproliferative activity 

Selected human tumor and non-tumor cell lines Jurkat (acute T cell leukemia), MOLT-4 (acute 

lymphoblastic leukemia), MOLM-13 (acute myeloid leukemia), THP-1 (acute monocytic 

leukemia), MV4-11 (acute monocytic leukemia) A549 (lung carcinoma), HT-29 (colorectal 

adenocarcinoma), PANC-1 (pancreas epithelioid carcinoma), A2780 (ovarian carcinoma), MCF-7 

(breast adenocarcinoma), SAOS-2 (osteosarcoma) and MRC-5 (normal lung fibroblasts) were 

purchased from either ATCC (Manassas, USA),  Merck Life Science (Prague, Czech Republic) or 

Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany) and 

cultured according to the provider´s culture method guidelines. All cell lines were maintained at 

37 °C in a humidified 5% carbon dioxide and 95% air incubator. Experiments were conducted 

using cell lines within strictly defined passage limits to ensure phenotypic stability: non-tumor cell 

line (MRC-5) was utilized within 10 passages, while tumor cell lines (Jurkat, MOLT-4, MOLM-

13, THP-1, MV4-11, A549, HT-29, PANC-1, A2780, MCF-7 and SAOS-2) were maintained for a 

maximum of 20 passages. All assays were performed during the exponential growth phase to 

guarantee optimal metabolic activity and reproducibility. 

 

5.5. Screening for antiproliferative activity, growth percent and IC50 value calculation 

To begin the research, each cell line was seeded at a predetermined optimum density (1 ×103 to 

50 ×103 cells per well) on a 96-well plate (TPP, Trasadingen, Switzerland), adherent cell lines were 

allowed to settle overnight. Cells were treated for 48 h with 1, structurally related β-carbolines and 

prepared 1 derivatives at final concentrations of 10 µM (single-dose screening) or between 0.1 - 

1000 µM (IC50 values determination). A 1 µM concentration of doxorubicin (Sigma-Aldrich, St. 

Louis, USA) served as a positive control. After the culture period, the WST-1 proliferation assay 

(Merck Life Science, Prague, Czech Republic) was carried out according to the manufacturer's 

protocol, and the absorbance was measured using Tecan Spark (Tecan, Männedorf, Switzerland). 

Every value is the mean of at least three separate experiments and reflects the percentage of 

proliferation of 0.1% DMSO mock treated control cells (100%). Each compound examined had its 

growth percentage (GP) determined. GP reflects the average percentage decrease in proliferation 

of all cell lines treated with the same compound. 

 

5.6. Proliferation and viability measurement using Trypan blue exclusion assay 

The Trypan blue exclusion assay was used to assess cell viability and proliferation. The cells were 

treated with different doses (5 – 25 µM) of 1 and 6 and cultivated for 24, 48, and 72 hours. Cells 

treated with 0.1 µM doxorubicin served as the positive control. Cell membrane integrity was 

assessed using the Trypan blue exclusion method, which involved mixing 50 µL of 0.5% Trypan 
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blue with 50 µL of cell suspension. For MRC-5 adherent-culture cells, floating cells were combined 

with adherent cells that had been trypsinized and resuspended in media prior to mixing with 0.5% 

Trypan blue. Cell counts were performed using a Bürker chamber and a Nikon Eclipse E200 light 

microscope (Nikon, Tokyo, Japan). Proliferation is represented as the percentage of the change in 

the number of cells relative to those reported in the 0.1% DMSO vehicle controls (negative control), 

which is regarded as 100%. 

 

5.7. Screening for antiproliferative activity using the xCELLigence system 

The xCELLigence system (Roche, Basel, Switzerland; ACEA Biosciences, San Diego, CA, USA) 

was used for monitoring cell adhesion, proliferation, and cytotoxicity. The real-time cell analysis 

RTCA SP (single plate) station was connected and tested using Resistor Plate before being put in 

an incubator at 37 °C with a 5% CO2 environment. First, the experiments' seeding concentrations 

were tuned for each cell line. The xCELLigence system evaluated cell growth, adhesion, and 

spreading every 30 minutes after seeding in 190 µL of media per well of an E-plate 96. 

Approximately 24 h after seeding, cells in the log growth phase were treated with 10 µL of sterile 

deionized water containing 1 or compound 6 at final concentrations ranging from 1 to 50 μM. 

Controls got sterile deionized water + 0.1% DMSO. Cells treated with 5% DMSO were utilized as 

the positive control. Growth curves were standardized to the period of treatment. The evaluations 

were carried out using the xCELLigence 1.2.1 software (Roche, Basel, Switzerland and ACEA 

Biosciences, San Diego, CA, USA). 

 

5.8. Monoamine oxidase A enzyme inhibitory activity  

The monoamine oxidase A (MAO-A) inhibitory activity was assessed using the following protocol 

(Cásedas et al. 2024). Each well contained 50 µL of sample or solvent, 50 µL of a chromogenic 

solution (comprising 0.8 mM vanillic acid, 417 mM 4-aminoantipyrine, and 4 U/mL horseradish 

peroxidase), 100 µL of 2.5 mM tyramine, and 50 µL of 8 U/mL MAO-A. All reagents were 

prepared in potassium phosphate buffer (0.2 M, pH 7.6). Human MAO-A were obtained from 

Sigma-Aldrich (St. Louis, MO, USA), while other general laboratory reagents were sourced from 

Panreac Química S.L.U. (Barcelona, Spain). Water used in the experiments was purified using a 

Milli-Q water purification system (TGI Pure Water Systems, Greenville, SC, USA). Absorbance 

was recorded at 490 nm every 5 minutes for a total duration of 30 minutes. The percentage of 

enzymatic inhibition was calculated as: Inhibition %=[1-/(VS-VC)]x100. Where VS is the reaction 

rate of the extract sample and VC is the rate of control rate. Each assay was performed in four 

independent experiments. Statistical analysis was carried out using GraphPad Prism version 6.0c 

for Mac OS X (GraphPad Software, San Diego, CA, USA). Results were expressed as mean ± 

standard errors mean (SEM) The 50% inhibitory concentration (IC50) was estimated by means of a 

linear regression equation.  
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5.9. Cell cycle and DNA fragmentation analysis 

Cells were collected by trypsinization, washed with ice-cold Dulbecco's phosphate-buffered saline 

(DPBS), fixed with 70% ethanol, and kept at 4°C for cell cycle distribution analysis. The fixed 

cells were then centrifuged to remove the ethanol before being rinsed twice with ice-cold DPBS. 

To detect low molecular-weight DNA fragments, cells were incubated in a buffer (192 mL 0.2 M 

Na2HPO4 + 8 mL of 0.1 M citric acid, pH 7.8) for 5 minutes at room temperature. After washing 

with ice-cold DPBS, cells were labeled with propidium iodide in Vindelov's solution for 1 hour at 

37 °C. The DNA content was measured using a Beckman Coulter CytoFLEX LX (Beckman 

Coulter, Miami, FL, USA) flow cytometer with an excitation wavelength of 488 nm and emission 

spectrum 600–620 nm. The data were analyzed using the Kaluza Analysis 2.1 software. 

 

5.10. Annexin V/PI flow cytometry analysis of apoptosis 

Apoptosis was measured using flow cytometry with an Alexa Fluor® 488 Annexin V/Dead Cell 

Apoptosis kit (Life Technologies, Grand Island, NY, USA) according to the manufacturer's 

instructions. The Alexa Fluor®488 Annexin V/Dead Cell Apoptosis kit leverages the affinity of 

Alexa Fluor®488-conjugated Annexin V for phosphatidylserine exposed on the outer leaflet of 

apoptotic cell membranes in the presence of Ca2+ ions. Concurrently, the assay utilizes the capacity 

of propidium iodide (PI) to intercalate into DNA of cells with compromised membrane integrity. 

At least 20,000 events per sample were acquired on a CytoFLEX LX Flow Cytometer (Beckman 

Coulter, Miami, FL, USA). The list mode data were analyzed using Kaluza Analysis 2.1 software 

(Beckman Coulter, Miami, FL, USA). 

 

5.11. Activity of caspases 

The caspase-dependent induction of programmed cell death was assessed by monitoring the 

activities of caspases-3/7, caspase-8, and caspase-9 by Caspase-Glo Assays (Promega, Madison, 

WI, USA) 24 hours after treatment with 10 μM and 20 μM of compounds 6 and 1. Cells treated 

with 5 µM of cisplatin served as positive controls. The test includes a proluminogenic substrate in 

an optimized buffer solution. The addition of a Caspase-Glo Reagent causes cell lysis, caspase 

cleavage of the substrate, and the production of a luminous signal. Cells were seeded at 1x104 cells 

per well in a white wall 96-well plate (Sigma-Aldrich, St. Louis, MO, USA). After treatment, 100 

µL of Caspase-Glo Assay Reagent was added to each well and incubated for 30 minutes. 

Luminescence was detected using a Tecan Spark multimode microplate reader (Tecan Group, 

Männedorf, Switzerland). 
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5.12. Immunofluorescence staining of poly (ADP-ribose) (PAR), γH2AX and epi-

fluorescence microscopy 

The MOLT-4 cells in optimal seeding density were incubated in the presence of 0.1% DMSO 

(negative control), 0.1 μM doxorubicin (positive control), compounds 1 or 6 at 20 μM for 2, 6 and 

24 h. After treatment, for each condition, 6x105 cells were loaded on poly-L-lysine-coated glass 

slides (Merck, Darmstadt, Germany) and were fixed with 4% freshly prepared paraformaldehyde 

for 10 min at room temperature, washed with DPBS, and permeabilized in 0.2% Triton X-

100/DPBS (all reagent from Merck, Darmstadt, Germany). Thereafter, MOLT-4 cells were blocked 

in a solution with 7% FCS and 2% BSA and immunostained with a mouse monoclonal anti-PAR 

(Enzo Life Sciences, San Diego, CA) or γH2AX primary antibody (Cell Signaling, Boston, MA, 

USA) overnight at 4 °C. Then, the secondary donkey anti-mouse IgG Alexa Fluor® 488-conjugated 

antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was applied to each slide 

(after their preincubation with 5.0% donkey serum in DPBS for 30 min at room temperature), and 

incubation for 1 h in the dark was succeeded by washing (3 x 5 min) in DPBS. The nuclei were 

counterstained using a DAPI solution (Merck, Darmstadt, Germany). Finally, the slides were 

mounted with coverslips using ProLong™ Glass Antifade mountant (Thermo Fisher Scientific, 

Waltham, MA, USA). Images of all of the examined slides were obtained by a Nikon epi-

fluorescence microscope system Eclipse 80i; the exposure time and dynamic range of the camera 

in all of the channels were adjusted to the same values for all of the slides to portray quantitatively 

comparable images. The images were further processed and merged using NIS-Elements Advanced 

Research 5.11.03 (instruments and software from Nikon, Tokyo, Japan).  

 

5.13. TUNEL assay 

To determine apoptosis-associated DNA fragmentation by TUNEL assay, 1 x 106 of MOLT-4 cells 

treated for 24 or 48 h with compound 6 in contractions ranging from 5 µM to 25 µM were collected 

and evaluated using a DNA break labelling detection kit, APO-DIRECT (Merck Millipore, 

Billerica, MA, USA) in accordance with the manufacturer’s instructions. Cells were washed twice 

with DPBS at 4 °C. Subsequently, 1 mL of fixation solution (1% formaldehyde) was added to the 

cell suspension for 30 minutes on ice. Cells were then centrifuged for 5 minutes at 300 g and 

washed twice with 5 mL of DPBS. Cells were permeabilized in 70% ethanol for at least 24 hours 

at -20 °C. Following this, cells were washed twice with wash buffer and then incubated in a TUNEL 

reaction mixture (comprising deoxyuridine triphosphate - dUTP-FITC, Terminal Deoxynucleotidyl 

Transferase - TdT enzyme, TdT reaction buffer, and distilled H2O) for 60 minutes at 37 °C. After 

incubation, the cells were washed twice more with rinse buffer and resuspended in 0.5 mL of 

propidium iodide/RNase A solution. Samples were analyzed on a CytoFLEX LX Flow Cytometer 

(Beckman Coulter, Miami, FL, USA) to measure green fluorescence (dUTP-FITC incorporated 

into fragmented DNA) and red fluorescence (PI bound to DNA) in individual cell nuclei. Resulting 

listmode data were analyzed using Kaluza Analysis 2.1 software (Beckman Coulter, Miami, FL, 

USA). 
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5.14. Detection of ROS in cells 

MOLT-4 cells were seeded at a density of 4x10⁵ cells/mL and exposed to compounds 1 or 6 at a 

concentration of 20 µM for 24 h. Cells treated with tert-butyl hydroperoxide (TBHP) at 200 μM 

for 1 h in the cultivation medium were used as a positive control for ROS induction. The ROS 

generation were subsequently quantified by adding CellROX® Green reagent at a final 

concentration of 500 nM, following the instructions provided in the CellROX™ Green Flow 

Cytometry Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) manual. SYTOX® Red 

Dead Cell Stain incorporated in kit was used in combination for assessing cell viability. 

Fluorescence was measured using CytoFLEX LX Flow Cytometer (Beckman Coulter, Miami, FL, 

USA). Data analysis was performed using Kaluza Analysis 2.1 software (Beckman Coulter, Miami, 

FL, USA). 

 

5.15. Western Blotting 

Whole-cell lysates (Cell Lysis Buffer, Cell Signaling Technology, Danvers, MA, USA) were 

collected 4 h after MOLT-4 cells were treated with 10 μM and 15 μM of compound 6. Cells treated 

with 0.1% DMSO were used as a negative control. The cells treated with 5 μM cisplatin served as 

positive controls. The protein concentration was measured using the BCA assay (Sigma-Aldrich, 

St. Louis, MO, USA). The lysates were loaded onto polyacrylamide gel lanes (20 µg of pure 

protein), and then they were electrophoresed. After electrophoresis separation, the proteins were 

transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). Non-specific membrane 

bindings were blocked for 1 hour in Tris-buffered saline (TBS) with 0.05% Tween 20% and 5%, 

w/v non-fat dry milk. The membranes were then rinsed in TBS. Primary antibodies against 

particular antigens pRb (phospho-Rb (Ser807/811)); AKT; pAKT (phospho-AKT (Thr308)); p38 

MAPK; phospho-p38 MAPK (phospho-p38 (Thr180/Tyr182)); p44/42 MAPK (Erk1/2); phospho-

p44/42 MAPK (Erk1/2, (Thr202/Tyr204)); SAPK/JNK; p-SAPK/JNK (Thr183/Tyr185); p27; Bcl-

2; and Bax from Cell Signaling Technology (Danvers, MA, USA) and β-actin from Sigma-Aldrich 

(St. Louis, MO, USA) were incubated overnight at 4 °C. The membranes were washed 5 times with 

TBS with 0.05% Tween 20 for 10 minutes each, and once with TBS for 10 minutes. They were 

then incubated with a secondary antibody (DakoCytomation, Glostrup, Denmark or Cell Signaling 

Technology, Danvers, MA, USA) for 1 hour at room temperature. A chemiluminescence detection 

kit (Roche, Basel, Switzerland) was used to detect the bands utilising the GeneTools analysis 

system for images (Syngene Cambridge, UK). Each membrane was probed again, and β-actin was 

determined in order to ensure equal protein loading. Densitometric analysis of Western blot bands 

was performed using ImageJ software, a Java-based, open-source image processing program 

developed by the National Institutes of Health (NIH) in the United Stated of America. 

 

5.16. ADME prediction of drug‑likeness and toxicity 

The physicochemical properties and pharmacokinetic profiles of selected compounds were 

assessed using SwissADME, a free online tool made by the Swiss Institute of Bioinformatics (SIB) 
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[71]. It predicted molecular weight (MW), number of hydrogen bond donors (HBD) and acceptors 

(HBA), topological polar surface area (TPSA), lipophilicity (log P), solubility (ESOL), 

gastrointestinal (GI) absorption, blood-brain barrier (BBB) permeability, and P-glycoprotein (P-

gp) substrate status of each compound using SMILES (Simplified Molecular Input Line Entry 

System) notations. ProTox-3.0 was used to predict the toxicity of the selected compounds. It is a 

freely availability online platform that can be used for in silico toxicity prediction (Banerjee et al. 

2024). It uses machine learning methods to estimate the median lethal doses (LD50) of compounds 

and place them into toxicity classes based on the Globally Harmonized System (GHS) for chemical 

categorization. The prediction workflow comprised two steps. First, the molecular structures of the 

selected compounds were generated using ChemDraw Professional 20.0 (PerkinElmer Informatics) 

and converted into their corresponding SMILES notation. Second, each SMILES string was 

submitted to the SwissADME or ProTox-3.0, respectively. 

 

5.17. Statistical analysis of data 

The descriptive statistics of the data were computed, and the charts were created with either 

Microsoft Office 365 Excel (Microsoft, Redmond, WA, USA) or GraphPad Prism 7 biostatistics 

(GraphPad Software, La Jolla, CA, USA). Unless otherwise specified, all values in this study were 

given as arithmetic means with standard deviations for triplicates. Normality testing was conducted 

on quantitative data to determine whether parametric or nonparametric tests should be applied. For 

trials using parametric variables, the unpaired Student's t-test was used to determine significant 

differences between groups. The degree of significance is indicated by * p < 0.05, ** p < 0.01, and 

*** p < 0.001. IC50 values were determined from a WST-1 proliferation assay conducted across a 

broad concentration range. Dose-response curves were generated and analyzed using nonlinear 

regression in GraphPad Prism 7 software (GraphPad Software, San Diego, CA, USA) to calculate 

IC50 values. 

 

6. Results 

6.1. Extraction and isolation of harmine (1) 

Compound 1 was isolated in sufficient quantity (2.1 g) for the preparation of semi-synthetic 

harmine derivatives from Peganum harmala seeds using subsequently a combination of Soxhlet 

extraction, LLE, Flash chromatography, and preparative TLC. Its structure was confirmed by LC-

MS, 1H NMR, and 13C NMR experiments, with the obtained data aligning well with previously 

reported data (Berrougui H. et al. 2006). During the extraction process, we obtained an alkaloid 

yield of 6.12%, which is consistent with 6.63% yield previously reported by Madah et al. (2020). 
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6.2. Preparation of 1 derivatives 

To optimize therapeutic efficacy, a library of N9-substituted derivatives of compound 1, 

encompassing compounds 2–34, was synthesized through a streamlined and efficient one-pot 

reaction. The library comprised two primary categories: aromatic derivatives (compounds 2–24; 

Scheme 1) and aliphatic derivatives (compounds 25–34; Scheme 1). The synthetic strategy 

involved selective deprotonation of 1 at the N9-position using sodium hydride (NaH) in a dry 

DMF/THF (1:1, v/v) mixture at 0 °C, followed by nucleophilic substitution with the corresponding 

alkyl or aryl bromides at room temperature. This method enabled the preparation of structurally 

diverse derivatives in moderate to excellent yields following a 24-h reaction period. 

 

Scheme 1. Synthesis of N9-substituted harmine derivatives (2–34) with phenyl and naphthyl 

skeletons featuring various phenyl modifications (2–24) and aliphatic modifications (25–34). 

Reagents and conditions: i) NaH, dry DMF/THF 1:1 (v/v), 0 °C, 10 min; then RT, corresponding 

aryl or alkyl bromide, 24 h; yields 81–95% (aromatic derivatives) and 58–82% (aliphatic 

derivatives). 
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6.3. Cytotoxic activity screening of 1 and semisynthetic derivatives (2-34) 

We assessed the cytotoxic and antiproliferative effects of harmine (1) and thirty-three derivatives, 

including fourteen novel compounds, across multiple cancer cell lines and the non-cancerous 

MRC-5 cell line as a control. Structural modifications with various alkyl and aryl groups yielded 

several promising candidates for anticancer drug development. The antiproliferative potential of 

the synthesized harmine derivatives (2–34) was evaluated against a panel of human tumor and non-

tumor cell lines derived from various tissues, namely Jurkat (acute T cell leukemia), MOLT-4 

(acute lymphoblastic leukemia), A549 (lung carcinoma), HT-29 (colorectal adenocarcinoma), 

PANC-1 (pancreas epithelioid carcinoma), A2780 (ovarian carcinoma), MCF-7 (breast 

adenocarcinoma), SAOS-2 (osteosarcoma) and MRC-5 (non-cancer lung fibroblasts) were used.  

Compounds were compared to 1 and the reference drug, doxorubicin. Each compound was tested 

for cytotoxicity by treating cells with 10 µM dose for 48 h. 

The data indicated that compound 6 exerted the most potent cytotoxic effect among the tested 

compounds, displaying notable effects after 48 h of exposure at a 10 µM dose. Given the 

pronounced inhibitory effects of compound 6 on Jurkat, MOLT-4, and A2780 cells, IC50 values 

were determined. The negative impact of compound 6 against Jurkat, MOLT-4, and A2780 cells 

illustrates Table 2, with IC50 values 2.90 ± 1.05 µM, 7.68 ± 1.03 µM and 6.43 ± 1.13 µM, 

respectively. 

 

Table 1: The antiproliferative effect of each compound across all cell lines was calculated 

following treatment with a 10 µM concentration, using a 48-h incubation period, and assessed via 

the WST-1 method relative to negative control cells (0.1% DMSO-treated, set at 100% 

proliferation). The values displayed indicate the percentage of viable cells at the end of the 

experiment. Each value is a mean of three independent experiments. Values from the intervals 0–

25%, 26–50%, and 51–75% are counterpointed with different colors. Doxorubicin at 1 µM was 

used as a reference drug. 

 Jurkat MOLT-4 A549 HT-29 PANC-1 A2780 MCF-7 SAOS-2 MRC-5 

Harmine 
(1) 

89 73 77 70 83 75 80 78 87 

2 60 81 84 90 92 69 89 90 88 

3 40 77 93 104 94 65 93 98 98 

4 63 86 84 80 89 70 89 95 83 

5 56 78 91 84 90 69 94 95 93 

6 5 20 78 81 77 40 71 59 111 

7 67 93 59 96 92 56 117 98 117 

8 74 104 44 77 78 65 106 89 92 

9 47 74 96 104 89 71 96 97 100 
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10 8 44 95 92 87 45 78 80 107 

11 78 92 86 89 82 90 86 88 101 

12 117 83 96 122 115 143 112 108 114 

13 68 89 88 91 96 92 94 93 106 

14 36 84 86 88 94 76 91 91 95 

15 119 88 115 140 112 157 117 115 122 

16 74 77 86 96 105 72 100 101 75 

17 84 78 85 112 109 78 106 106 107 

18 63 72 73 85 95 66 93 92 66 

19 81 72 104 128 119 150 112 111 122 

20 58 77 79 80 90 79 89 94 79 

21 16 63 67 73 87 54 70 70 78 

22 147 98 111 118 114 145 112 102 108 

23 77 81 81 84 91 80 80 90 111 

24 95 84 86 106 112 96 115 104 106 

25 62 67 61 64 80 49 84 68 72 

26 74 84 78 80 105 70 87 87 91 

27 55 74 47 65 81 56 84 70 64 

28 70 84 66 67 84 60 85 76 80 

29 59 68 66 64 93 51 87 86 73 

30 62 65 70 62 88 56 89 87 79 

31 57 60 73 67 87 55 90 81 84 

32 73 50 73 68 81 72 84 78 90 

33 63 26 72 74 74 65 98 79 88 

34 107 117 94 96 103 129 98 93 93 

DOX 2 1 12 36 60 10 31 13 43 

 0-25% 26-50% 51-75% 

 

Table 2. The IC50 values of compound 6 in different human cancer and non-cancer cell lines after 

48 h of treatmenta,b 

Cell line Compound 6 

Jurkat  2.90 ± 1.05 

MOLT-4  7.68 ± 1.03  

A2780 6.43 ± 1.13  

MRC-5 106.50 ± 2.27 
 

a  Results are expressed in µM.   
b All experiments were conducted in triplicate, and the data are presented as mean values ± SD of 

at least three independent replications. 
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6.4. Evaluation of the inhibitory potential of compound 6 on FLT3-ITD 

Given that the indole scaffold is recognized as an important pharmacophore in FLT3 inhibitors, we 

evaluated the inhibitory effects of derivative 6 on AML cell lines harboring FLT3-ITD mutations 

(MV4-11 and MOLM-13) as well as on wild-type FLT3 cells (THP-1), to evaluate its potential as 

a therapeutic strategy for targeting AML. Compound 6 shows cytotoxic activity to AML cells with 

the IC50 values ranging from 2.17 µM to 3.53 µM as obtained in three AML cell lines (Table 3). 

Since the cytotoxic effect in THP-1 cells does not differ from that in the cell lines bearing the ITD 

mutation of the FLT3 gene (MV4-11 and MOLM-13) we suggest that another mechanism of action 

than inhibition of FLT3-ITD is responsible for the cytotoxicity of this compound 6 analogue. 

Table 3. The IC50 values of compound 6 in FLT3-ITD (MV4-11 and MOLM-13) and FLT3 

wildtype (THP-1) AML cell lines after 48 h of treatmenta,b  

Cell line Compound 6 Specificity Ratio 

MV4-11 3.53 ± 0.20 IC50 (THP-1)/IC50 

(MV4-11) 

IC50 (THP-1)/IC50 

(MOLM-13) MOLM-13 2.98 ± 0.13  

THP-1 2.17 ± 0.35  0.62 0.73 
 

a  Results are expressed in µM.   
b All experiments were conducted in triplicate, and the data are presented as mean values ± SD of 

at least three independent replications. 

 

 

6.5. Compound 6 exhibits enhanced antiproliferative activity against MOLT-4 cells, while 

exerting a lesser impact on the viability and proliferation of MRC-5 cells 

Furthermore, the response of MOLT-4 and MRC-5 cells to 1 and compound 6 was assessed by 

determining the viability and proliferation at 24, 48 and 72 h after treatment with doses ranging 

from 5 to 25 µM. The inhibitory effect of the treatment was assessed using Trypan blue staining, 

which relies on the integrity of the cell membrane. Viable cells exclude this diazo dye, while 

nonviable cells take up the dye, are stained and appear blue under light microscope. Viability and 

percentage proliferation versus controls was determined by optical microscopy by counting the 

number of stained (dead) and unstained (live) cells.  

The cell viability evaluation revealed that both 1 and compound 6 showed a dose- and time-

dependent inhibitory impact on MOLT-4 cells. Derivative 6 showed higher antiproliferative 

activity than its parent compound 1. Notably, the 72 h proliferation rates of 1 were 67 % at 15 μM, 

43 % at 20 μM and 18 % at 25 μM, respectively. In contrast, derivative 6 exhibited stronger 

antiproliferative activity in the longer 72 h interval of exposure, where MOLT-4 proliferation rates 

decreased to 19 %, 5 % and 3 % at the dosage of 15 µM, 20 µM and 25 µM, respectively. This 

time-dependent inhibitory effect on ALL cells was also evident in cell survival at 72 h following 1 

exposure, with MOLT-4 viability decreasing to 78 % at 15 μM, 64 % at 20 μM, and 39 % at 25 

μM, consistent with the proliferation data. However, compound 6-treated MOLT-4 cells exhibited 
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a higher reduction in viability within 72 h, reaching 44 % (15 μM), 16 % (20 μM), and 10 % (25 

μM) (Fig. 1C). Compared to its effects on MOLT-4 cells, compound 6 exhibited significantly lower 

cytotoxicity toward MRC-5 cells relative to 1. After 72 h of treatment, at the concentration of 25 

µM, 1 decreased MRC-5 cell viability to 37 %, whereas derivative 6 induced a more moderate 

reduction, maintaining viability at 63 % at the same concentration. The disparity was more 

pronounced in terms of cell proliferation, particularly at higher concentrations of 15 µM, 20 µM, 

and 25 µM after 72 h. Alkaloid 1 decreased cell proliferation to 35 % (15 µM), 29 % (20 µM), and 

18 % (25 µM), respectively, while compound 6 led to a comparatively mild reduction to 76 % (15 

µM), 74 % (20 µM), and 68 % (25 µM) at the same concentrations (Fig. 1D). 

 

 

Figure 1. Effects of compounds 1 and 6 on the viability and proliferation. Real-time cell 

proliferation of A549, MCF-7, A2780, and MRC-5 cells following exposure to (A) 1 and (B) 6 

were monitored using the xCELLigence RTCA electrical impedance system. Cells treated with 

0.1% DMSO served as vehicle control, while 5% DMSO-treated cells were used as the positive 

control for cytotoxicity. The plots shown are representative of at least three independent replicate 

experiments. (C) MOLT-4 ALL and (D) MRC-5 lung fibroblast cells were incubated for 24, 48 

and 72 h in the absence (control) or presence of different concentrations 5-25 µM of 1 or compound 
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6. Following treatments, viability and proliferation were determined by cell counting using the 

Trypan blue exclusion. At least three independent experiments were carried out. Cells treated with 

0.1 μM doxorubicin and 0.1% DMSO were used as the positive and negative control, respectively. 

Proliferation is depicted as the percentage of proliferating cells with respect to those determined in 

the 0.1% DMSO vehicle controls, which was considered to be 100%. Data are expressed as mean 

± SD of experiments performed in triplicate (n = 3). Statistical significance compared to the 

negative control was determined using a t-test. Significant differences were considered when 

p < 0.1 (*), p < 0.01 (**), p < 0.001 (***). 

 

6.6. Compound 6 induces cell cycle accumulation in G1 phase 

One of the strategies of treating cancer with chemotherapeutic agents is to reduce tumor burden by 

inducing cytostatic effects. Such treatments can disrupt the progression of the cell cycle, leading to 

the onset of cell death in cancer cells. Since the Trypan blue evaluation revealed that compound 6 

showed a more pronounced inhibitory impact on MOLT-4 ALL cells, we determined the 

distribution of the cell population into cell cycle phases. After exposure to compound 6 at different 

concentrations and time, the MOLT-4 cells showed an altered distribution of cells at different 

stages of the cell cycle compared to the distribution of 0.1% DMSO vehicle control. After 24 h of 

incubation with derivative 6, there was an increase in the percentage of cells in the G1 phase, 

accompanied by a decrease in cells in the S phase, whereas following a dose-dependent response. 

Upon treatment with 5, 10, 15, 20 and 25 μM of compound 6 for 24 h, the population of MOLT-4 

cells in G1 phase changed from 49 % (0.1% DMSO control cells) to 48 %, 51 %, 50 %, 52% and 

56 % respectively (Fig. 2A). Comparable findings were observed at 48 h, where exposure to 5, 10, 

and 15 µM of compound 6 resulted in G1 phase cell populations of 60 %, 57 %, and 52 %, 

compared to 57 % in the 0.1% DMSO control cells group. Furthermore, treatment with compound 

6 at concentrations of 20 and 25 µM resulted in an insufficient number of cycling MOLT-4 cells 

for further analysis. This finding correlates with the increased sub-G1 cell population and the 

results of the Annexin V/PI apoptosis assay (Fig. 2B). Consistent with cytotoxicity screening 

results, IC50 values, xCELLigence analysis, and Trypan blue staining, treatment with compound 6 

did not altered the distribution of MRC-5 cells across the different phases of the cell cycle (Fig. 3). 
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Figure 2. Effects of compound 6 on cell cycle progression. MOLT-4 cells were treated with 

compound 6 (5–25 µM) or 0.1% DMSO as a control and incubated for (A) 24 h and (B) 48 h, 

followed by analysis of cell cycle distribution. Representative histograms from one of the 

independent experiments demonstrate the mean (%) distribution of cells across the G1, S, and G2 

phases. Bar graphs present the cumulative percentages of MOLT-4 cells in each phase of the cell 

cycle. Results are expressed as mean ± SD from at least three independent experiments. Statistical 

significance compared to the negative control was determined using a t-test and is denoted as 

p < 0.1 (*), p < 0.01 (**), p < 0.001 (***). 
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Figure 3. Effect of compound 6 on cell cycle progression in MRC-5 cells. Cells were treated with 

compound 6 (5–25 µM) or 0.1% DMSO (vehicle control) and incubated for (A) 24 h and (B) 48 h. 

Cell cycle distribution was subsequently analysed by flow cytometry. Representative histograms 

from one of the independent experiments illustrate the mean percentage of cells in the G1, S, and 

G2 phases. Corresponding bar graphs show the cumulative phase distribution based on data from 

at least three independent experiments. Results are presented as mean ± SD. Statistical significance 

versus the negative control was evaluated using a t-test and is indicated as follows: p < 0.1 (*), 

p < 0.01 (**), p < 0.001 (***). 

 

6.7. Compound 6 triggers apoptosis with DNA fragmentation and caspase activation in 

MOLT-4 cells 

The results demonstrated a significant decline of MOLT-4 cells viability after compound 6 

treatment. Following this observation, we used flow cytometry to assess apoptosis induction in 

MOLT-4 cells through Annexin V/PI staining at 24 and 48 h post-treatment. As shown in Fig. 4A, 

flow cytometric analysis indicated that treatment with compound 6 increased the fraction of 

Annexin V-positive and PI-negative cells, particularly at higher concentrations (15, 20, and 25 µM) 

and at the shorter 24 h interval of exposure. After 48 hours of treatment with 10–25 µM of 6, a 

notable increase in the percentage of late apoptotic cells (Annexin V-positive, PI-positive) was 

observed, along with a significant reduction in MOLT-4 cell viability (Fig 4B). 
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Moreover, compound 6-induced apoptotic DNA fragmentation in MOLT-4 cells was further 

measured by TUNEL assay. To explore whether apoptosis activation was associated with DNA 

fragmentation, we treated MOLT-4 cells with compound 6 at concentrations ranging from 5 to 25 

µM for 24 and 48 h, followed by TUNEL flow cytometry analysis. While control cells showed no 

considerable FITC-dUTP labelling, after compound 6 treatment, a strong TUNEL dUTP 

fluorescence signal was detected. The results indicate that treatment with derivative 6 at 

concentrations of 15, 20, and 25 µM considerably induced DNA fragmentation and apoptosis in a 

time-dependent manner. Therewith, the MOLT-4 cells did not respond in a dose-dependent 

manner, showing approximately 35 % of FITC-dUTP positive cells across all these tested 

concentrations (15, 20, and 25 µM) of compound 6 after a 24-h treatment period (Fig. 4C). In 

contrast, at 48-h interval of exposure, the level of cells with DNA fragmentation and consequently 

apoptosis reaches 64 % and 77 % for 20 and 25 µM of compound 6, respectively (Fig. 4D). Taken 

together, results found in the DNA fragmentation TUNEL experiments parallel the previous 

Annexin V/PI findings, further supporting the apoptosis-inducing activity of compound 6. 

To explore the proapoptotic effects of 1 and compound 6 on MOLT-4 cells, we assessed caspase 

activity. Extrinsic signaling pathways, initiated at the plasma membrane, are characterized by the 

activation of caspase-8, whereas the intrinsic pathway, which is mitochondrial-dependent, leads to 

the activation of caspase-9. Effector caspases -3 and -7 are activated downstream of the apical 

initiator caspases and serve as central mediators in both the extrinsic and intrinsic apoptotic 

pathways. To identify the pathways activated by 1 and compound 6 (10 µM and 20 µM), we 

assessed the activity of caspases -8, -9, and -3/7 at a 24-h interval post-treatment. To assess whether 

the increase in caspase activity persists or increase over time, we also evaluated caspase-3/7 activity 

48 h post-treatment. The findings demonstrated that both 1 and compound 6 significantly increased 

caspase-3/7 activity in a dose-dependent manner within 24 h of treatment. Treatment with 10 µM 

of 1 or 6 for 24 h lead to a substantial increase in caspase activity compared to the negative control 

0.1% DMSO. Notably, at a concentration of 20 µM, 1 induced caspase-3/7 activation comparable 

to that observed in 5 µM cisplatin-treated cells (Fig. 4E). Extending the treatment period to 48 h 

revealed sustained caspase-3/7 activity in both 1 and compound 6 treatment groups, with compound 

6 exhibiting caspase activity comparable to 1. This prolonged activation indicates that 1 and 

derivative 6 not only initiate apoptosis but also maintain apoptotic signaling pathways. The 

persistence of caspase activity suggests that compound 6 has the potential to induce prolonged cell 

death in MOLT-4 leukemic cells (Fig. 4F). Following 24 h of treatment with compound 6 and 1, 

caspase-8 activity increased considerably (p < 0.001) in a dose-dependent manner. This observation 

is especially significant since it implies that both parent 1 and compound 6 can trigger the extrinsic 

apoptotic pathway (Fig. 4G). After 24 h of treatment, both 1 and compound 6 markedly elevated 

caspase-9 activity, highlighting the involvement of the intrinsic apoptotic pathway. 
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Figure 4. Effect of compound 6 exposure on apoptosis induction. The induction of apoptosis was 

evaluated using Annexin V/PI staining at (A) 24 and (B) 48 h post treatment. Flow cytometry 

histograms, representative of one of the independent experiments, display the mean percentage of 

cells in various quadrants based on the incorporation of Annexin V and/or propidium iodide (PI). 

Bar graphs present the cumulative data on the percentages of MOLT-4 cells at various stages of 

apoptosis (mean ± SD, n = 3). The effect of compound 6 on the DNA fragmentation in MOLT-4 

leukemic cells at (C) 24 h and (D) 48 h after treatment with doses ranging from 5 to 25 μM. The 

quantitative data from flow cytometry are presented as the top panel of histograms which show the 

percentage of cells with a DNA strand breaks terminal deoxynucleotidyl transferase-mediated 

FITC-dUTP nick end-labelling. Representative dot plots of one of three independent measurements 

are shown. The bar graph displays the percentage of cells that are TUNEL positive (mean ± SD, n 

= 3). (E) Caspase-3/7 activity in MOLT-4 cells following 24-h treatment with 1 and compound 6 

at concentrations of 10 µM and 20 µM. (F) Caspase-3/7 activity after 48-h treatment. (G) Caspase-
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8 activity in MOLT-4 cells after 24-h exposure to 1 and compound 6 at 10 µM and 20 µM. (H) 

Caspase-9 activity in MOLT-4 cells following 24-h treatment with 1 and compound 6 at 10 µM 

and 20 µM. Cells treated with 5 µM cisplatin and 0.1% DMSO served as positive and negative 

controls, respectively. Data represents the mean ± SD from at least three independent experiments. 

Significance levels were denoted as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, relative 

to values observed in the respective DMSO vehicle-treated control group. 

 

6.8. Both compound 6 and parent 1 elevate the formation of DNA damage markers PAR 

and γH2AX 

To investigate whether 1 and compound 6 promotes inhibitory effects against leukemic cells by 

introducing SSBs and DSBs in nuclear DNA, the immunofluorescence visualization of poly(ADP-

ribose) (PAR) and γH2AX were carried out after 2, 6 and 24 h of exposure. Our 

immunofluorescence data showed a substantial increase in nuclear PAR production in MOLT-4 

cells treated for 2 h with 20 µM of either 1 or 6. This rise in PAR levels suggests increased PARP 

activity, which implies the existence of SSBs. The phosphorylation of histone H2AX at serine 139, 

resulting in γH2AX, acts as a sensitive marker for DSBs, with accumulation corresponding with 

the degree of DNA damage (Al-Aamri et al. 2019). Treatment with 20 µM of compound 1 or 

derivative 6 resulted in marked γH2AX staining in MOLT-4 cells at the 2-h time point, with a 

further increase observed after 24 h, indicating the generation of DSBs. These findings indicate 

that 1 and compound 6 can efficiently produce DNA damage in leukemic cells, activating repair 

pathways involved with SSBs and DSBs. The observed rise in PAR and γH2AX levels highlights 

the potential for these chemicals to damage DNA integrity, leading to their cytotoxic actions in 

cancer cells. 

ROS has counterintuitive role in anticancer therapy. Certain chemotherapy drugs, such as 

doxorubicin, stimulate ROS production, significantly enhancing their lethal impact on cancer cells. 

On the other hand, elevated ROS levels can support a proproliferative, antiapoptotic and metastatic 

phenotype of cancer cells (Kim et al. 2019). Thus, ROS formation was analyzed by flow cytometry 

using the CellROX® Green probe, which is nonfluorescent in its reduced state but emits a strong 

fluorescent signal upon oxidation. Simultaneously, SYTOX® Red dead cell stain was applied to 

differentiate dead cells from those oxidatively stressed or cells remaining unstressed. As shown in 

Fig. 5C, the results showed no increase in CellROX fluorescence after 24 h of treatment with 20 

µM 1 or 6. Consistent with previous cytotoxicity findings, the percentage of SYTOX®-positive 

cells increased to 31% following treatment with 1 or compound 6, respectively. As expected, 

treatment with TBHP (a ROS inducer) for 24 h resulted in a significant increase (83 %) in ROS-

associated fluorescence.  

These findings indicate that compounds 1 and 6 induced DNA damage in MOLT-4 cells 

without depending on increased ROS generation. 
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Figure 5. Effects of 1 and compound 6 on DNA damage in MOLT-4 cells. (A) 

Immunofluorescence images showing the formation of poly(ADP-ribose) (PAR) in cells treated 

with 0.1% DMSO vehicle control, 0.1 μM doxorubicin, 20 μM of 1, or 20 μM of compound 6, 

detected 2, 6 and 24 h after exposure. The left panels display blue DAPI fluorescence of the 

nucleus, the middle panels show green Alexa Fluor® 488 fluorescence labeling PAR, and the right 

panels present an overlay of DAPI and PAR. (B) Immunofluorescence γH2AX staining showing 

γH2AX foci formation 2, 6 and 24 h after exposure to 0.1% DMSO vehicle control, 1 or compound 

6 at 20 μM compared with 0.1 μM doxorubicin-treated positive control. In the left panel of images, 

cell nuclei are labeled with DAPI; in the middle, γH2AX is stained with immunofluorescence using 

Alexa Fluor® 488; and in the right images, the DAPI and γH2AX are merged. Higher 

magnifications of selected cell nuclei are shown in the bottom right corner. The images presented 

are representative of experiments independently repeated at least three times. Scale bar: 10 μm. (C) 

ROS generation in MOLT-4 cells was assessed 24 h after treatment with 20 µM of 1 or 6. As a 

positive control, 200 µM tert-butyl hydroperoxide (TBHP), a well-established ROS inducer, was 

used. Representative flow cytometry histograms illustrate fluorescence signals from CellROX® 

Green and SYTOX® Red Dead Cell Stain, accompanied by bar graphs summarizing cumulative 

data on the percentage of ROS (CellROX®)-positive cells and dead (SYTOX®)-positive cells. 

Quantitative data represent the mean ± SD from at least three independent experiments. Statistical 

significance was assessed using a t-test, with * p < 0.05, ** p < 0.01, and *** p < 0.001. 

 

6.9. Compound 6 targets the DNA-damage, cell cycle checkpoint and p38-MAPK signaling 

pathway in MOLT-4 cells 

Considering the proapoptotic and cell cycle-perturbing effects of compound 6, we employed 

Western blot analysis to assess its impact on key regulatory proteins involved in cell cycle 

progression and apoptosis. The Western blot analysis was conducted on lysed MOLT-4 cells 

treated with 10 µM and 15 µM of compound 6 for 4 h to examine the levels of apoptosis-related 

and cell cycle regulatory proteins. Cells treated with 0.1% DMSO served as negative controls, 

whereas cells treated with 5 µM cisplatin were used as positive controls to confirm the proapoptotic 

effect. 
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Figure 6. Effect of compound 6 treatment on the cell cycle regulatory and apoptosis-related protein 

levels. (A) Western blot analysis of protein expression levels in MOLT-4 cells was conducted 4-h 

following treatment with compound 6 at 10 µM and 15 µM. Cells treated with 0.1% DMSO were 

used as a negative control, while those treated with 5 µM cisplatin served as a positive control. (B) 

Quantitative densitometry was performed using ImageJ. Quantification plots are presented as mean 

± SD from three independent experiments for each condition. Statistical significance was evaluated 

using a t-test, with * p < 0.05, ** p < 0.01, and *** p < 0.001. 

 

6.10. Evaluation of the inhibitory activity of compound 6 on monoamine oxidase 

Since the neurotoxicity of compound 1, resulting from undesirable competitive inhibition of MAO-

A, has been a major obstacle to its possible clinical use in anticancer therapy, we assessed the in 

vitro inhibitory potential of the newly synthesized and most potent molecule, derivative 6, against 

human MAO-A. The parent compound, 1, exhibited potent MAO-A inhibitory activity, with an 

IC50 value of 0.08 ± 0.01 µM. In contrast, compound 6 demonstrated only mild MAO-A inhibition, 

with an IC50 value of 254.40 ± 33.89 µM (Table 4). Considering that the IC50 values for cytotoxic 

activity in MOLT-4 ALL model were in the low micromolar range, while the MAO-A inhibitory 

IC50 value of compound 6 was in the high micromolar range, these results suggest a favorable 

therapeutic window, potentially reducing the likelihood of dose-limiting neurotoxicity.  
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Table 4. The IC50 values of compounds 1 and 6 against human MAO-Aa 

Compound MAO-A 

1 0.08 ± 0.01 µM 

6 254.40 ± 33.89 µM 

 

a  All experiments were conducted in triplicate, and the data are presented as mean values ± SD of 

at least three independent replications. 

 

 

6.11. ADME prediction, drug-likeness and toxicity 

In the context of drug discovery, an optimal drug candidate should integrate potent and selective 

pharmacological activity with favorable absorption, distribution, metabolism, and excretion 

(ADME) properties that support clinical potential. To further characterize drug-like properties of 

1 and its derivatives that demonstrated antiproliferative activity between 0 – 50 % (1, 3, 6, 8, 9, 10, 

14, 21, 25, 27, 32 and 33) an in silico pharmacokinetic assessment was conducted using the 

SwissADME which is a freely accessible online tool (Daina et al. 2017). Table 5 provides a 

summary of the ADME and physicochemical parameters including molecular weight (Mw), 

rotatable bonds (rot. bonds), hydrogen bond donor (HDD) and hydrogen bond acceptor (HBA) 

count, partition coefficient octanol-water (cLogPO/W), topological polar surface area (TPSA), and 

water solubility (solubility ESOL). 

 

To evaluate the safety profile, the compounds were further analyzed using ProTox 3.0 (Banerjee 

et al. 2024). With the exception of compounds 14 and 21, all tested molecules were classified 

within toxicity class 4, indicating that they are neither acutely toxic nor lethal, but may still present 

a moderate oral toxicity risk. Their predicted LD50 values, ranging from 300 to 2000 mg/kg, suggest 

that further pharmaceutical technology optimization will be necessary to further enhance their 

safety profiles for potential clinical application. 
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Table 5. Predicted drug-like, physicochemical and toxicity properties for compound with antiproliferative effects (0–50%) against 

carcinoma cell lines using predictive models ADME Swiss and ProTox-3.0 

Code Mw 

Lipinskis rule of five Drug-

likeness 

GI absorption 

BBB 

permeant 

Solubility ESOL 

P-gp 

Predicted 

toxicity 

Rot. 

bonds 

HBA HBD cLogPO/W LP 

violation 

Class TPSA Class mg/L LD50 

(mg/kg) 

Class  

1 212.25 1 2 1 2.78 Yes; 0 High 37.91 Yes Moderately 19.0 No 500 4 

3 316.40 3 2 0 4.18 Yes; 0 High 27.05 Yes Moderately 2.59 Yes 850 4 

6 330.42 3 2 0 4.52 Yes; 0 High 27.05 Yes Moderately 1.38 Yes 850 4 

8 358.48 4 2 0 5.07 Yes; 0 High 27.05 Yes Poorly 0.325 Yes 900 4 

9 332.40 4 3 0 3.84 Yes; 0 High 36.28 Yes Moderately 4.68 Yes 700 4 

10 362.42 5 4 0 3.82 Yes; 0 High 45.51 Yes Moderately 4.45 Yes 850 4 

14 336.81 3 2 0 4.32 Yes; 0 High 27.05 Yes Moderately 1.41 Yes 907 2 

21 347.37 4 4 0 3.05 Yes; 0 High 72.87 Yes Moderately 5.16 No 230 3 

25 254.33 3 2 0 3.25 Yes; 0 High 27.05 Yes Soluble 31.2 Yes 500 4 

27 252.31 3 2 0 3.15 Yes; 0 High 27.05 Yes Soluble 36.3 No 500 4 

32 347.25 5 2 0 3.88 Yes; 0 High 27.05 Yes Moderately 7.38 Yes 787 4 

33 361.28 6 2 0 4.17 Yes; 0 High 27.05 Yes Moderately 4.55 Yes 1000 4 

Required ≤500 ≤10 ≤10 ≤5 ≤5 − − ≤140 − − − − − − 

 

Calculated using SwissADME online server: MW = molecular weight; rot. bonds = number of rotatable bonds, HBA = number of 

hydrogen acceptors; HBD = number of hydrogen donors; cLog PO/W = consensus log octanol/water partition coefficient; LP violation = 

Lipinski's violation; GI absorption = gastrointestinal absorption; TPSA = total polar surface area in in Å²; BBB = Blood-Brain Barrier 

permeation; solubility ESOL = estimated aqueous solubility; P-gp = P-glycoprotein substrate; Calculated using ProTox-3.0 online 

server for oral toxicity prediction: LD50 = Lethal Dose for 50% of the tested population. 
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7. Discussion 

Many types of cancer are progressively prevalent globally due to the complex nature of their 

progression and development. Despite chemotherapy and radiotherapy continuing to be the main 

treatment options for cancer, we are still troubled with cancer resistance and toxicities which end 

up in the incomplete obliteration of the cancer (Anand U. et al., 2022; Hu Z. et al., 2025). With this 

in mind, there is an imperative necessity for new and innovative cancer medications to address 

these limitations and bring about more efficient, effective and safe treatment options. The 

development of new anticancer drugs from natural resources is a topic of growing interest in current 

pharmacological and biomedical research. Harmine is a naturally occurring tricyclic β-carboline 

alkaloid isolated mainly from the seeds of the medical plant Peganum harmala L. (Herraiz T. T. et 

al., 2011) and has shown in many studies to be a potent anticancer agent. Within this context, the 

major goal of our study is to investigate the anticancer capabilities of harmine and its derivatives. 

In our study, we extracted harmine from the seeds of Peganum harmala L. using a combination of 

Soxhlet extraction, LLE, Flash chromatography and preparative TLC. We attained an alkaloid yield 

of 6.12% during the extraction process which was comparable to that of Madah’s team which was 

6.63% (Madah M. et al., 2020), showcasing the richness in the alkaloid and the efficiency of our 

separation methods. We then went on to prepare thirty-three derivatives of harmine focusing on 

substations at the N9 position of the harmine structure. Modifications there have been shown to 

enhance the cytotoxicity of harmine and reduce its toxicity tendencies. This was evident in a study 

by Chen et al. where they found out that harmine has significant anticancer properties but also 

produced severe acute neurotoxicity. Nonetheless, changes at the N9 location significantly 

enhanced the anticancer qualities with reduced neurotoxicity (Chen Q. et al., 2005). This was in 

line with our first aim which is to prepare and develop a library of semisynthetic harmine 

derivatives with the aim of improving the cytotoxic and antitumor properties of harmine by 

synthesizing novel derivatives suitable for further biological evaluation. 

After creating our harmine library and its derivatives, we used the WST-1 assay to determine how 

cytotoxic they were to a group of human tumor and non-tumor cell lines from different tissues. We 

compared the compounds we tested to harmine, using doxorubicin as a reference drug at a dose of 

10 µM for each component. We then evaluated their cytotoxicity after 48 hours in each of the cell 

lines we chose. This aligns with our second aim, which is to perform cytotoxicity screening assays 

to determine the growth percentage (GP) of harmine and its semisynthetic derivatives over a panel 

of various cancer cell lines. 

After the cytotoxic screening tests, among all tested compounds, the 3,5-dimethylbenzyl analogue 

(named compound 6 in our study) displayed increased selectivity and effectiveness against cancer 

cells and was therefore chosen for further detailed evaluation. Compared to harmine, compound 6 

exhibited superior antiproliferative activity across almost all tested cancer cell types, especially 

towards Jurkat and MOLT-4 ALL cell growth as well as ovarian cancer A2780. We now performed 
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IC50 evaluations with compound 6 in these cell lines including our non-cancer cell line, MRC-5. 

Ours were 2.90 ± 1.05, 7.68 ± 1.03, 6.43 ± 1.13, and 106.50 ± 2.27, for Jurkat, MOLT-4, A2780, 

and MRC-5 respectively. These showed enhanced cytotoxicity and selectivity towards the 

cancerous cell lines with IC50 values below 10 for the cancer cells and an IC50 value over 100 for 

the non-cancer cell line. Next, to validate our findings from the cytotoxic screening tests and the 

IC50 experiments, we conducted proliferative and viability assessments with the Trypan blue 

exclusion assay. The effects of harmine and compound 6 on MOLT-4 and MRC-5 cells were 

assessed by measuring proliferation and viability at 24-, 48-, and 72-hours post-treatment at doses 

between 5 and 25 µM. Our findings indicated that both harmine and compound 6 had a dose- and 

time-dependent inhibitory effect on MOLT-4 cells, with compound 6 demonstrating more 

antiproliferative activity than harmine. Our results are concurrent with previous investigations that 

have found that β-carboline compounds such as harmine can be highly cytotoxic and effectively 

suppress tumor cell proliferation (Chen Q. et al., 2005). In contrast to Chen’s study, which 

examined only nine derivatives compared to our thirty-three harmine derivatives, our investigation 

encompassed a broader and more comprehensive set of compounds.  On the contrary to MOLT-4 

cells, the non-cancerous, MRC-5 cells displayed more susceptibility to harmine than to compound 

6. This further reinforced our preliminary observations that compound 6 exhibits greater selectivity 

for malignant cells. With this, our third aim which is to find the most cytotoxic compound by 

determining the minimum concentration at which 50% of the cells are inhibited (IC50) values and 

to assess their effects on cell proliferation and viability using appropriate experimental methods, 

was a success.  

Antiproliferative structure–activity relationship (SAR) analysis revealed that the inhibitory activity 

of harmine was significantly enhanced by specific substituents. This has led to a series of harmine 

derivatives being designed and synthesized by modifying position-2, 7 and 9 of the β-carboline 

nucleus (Cao R. et al., 2013). Chen et al. found that harmine derivatives have significant anticancer 

efficacy but also produce severe acute neurotoxicity. However, changes at the N3 and N9 locations 

were significant for enhanced anticancer qualities with reduced neurotoxicity of these compounds 

(Chen Q. et al., 2005). The integration of benzenesulfonyl or haloalkyl groups at position N9 

markedly improves the antitumor efficacy of harmine derivatives. The synthesized compounds 

were evaluated for their in vitro activity by an MTT assay on four human cancer cell lines: MCF-

7, SGC-7901, SMMC-7721, and A-549. N9-haloalkyl harmine derivatives exhibited moderate to 

strong action in all tested lines. The 5-bromopentyl and 6-bromohexyl compounds were identified 

as the most potent, with IC50 values of 0.76–9.34 µM and 0.45–6.94 µM, respectively. The harmine 

derivative featuring 4-methylbenzenesulfonyl at N9 exhibited selective inhibition of A549 cell 

proliferation, with an IC50 of 0.48 μM, surpassing the efficacy of the parent harmine compound. 

Furthermore, it prompted G2 phase cell cycle arrest and triggered apoptotic cell death in A549 cells 

(Du et al. 2016). The synthesized derivatives showed a significant selectivity for cancerous cells 

as compared to non-cancerous cells which draw attention to the therapeutic potential of N9-

modified harmine derivatives. In research by Chen et al., compound 8 which was modified with an 

ethyl formate substitution at C3 and a benzyl group at N9 showed evidence of enhanced 
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effectiveness with IC50 values ranging from 0.011 to 0.021 µM when tested on HepG2 cells (Chen 

Q. et al., 2005). Our results are consistent with the prior research revealing that by introducing an 

aromatic, short alkyl, or electron-withdrawing group at the N9 position of harmine has the potential 

to significantly improve its anticancer activity. The presence of bulky groups such as phenyl 

derivatives at the N9 usually enhances activity against several potential targets used for cancer 

therapy including PI3K/Akt/mTOR, ERK/JNK/p38 or p53/p21 pathway (Hu Y. et al. 2024; Yu F. 

et al. 2025). Prior findings have also exhibited that the presence of methyl groups in N9 substitution 

of harmine derivative is associated with increased cytotoxic activity (Cao R. et al. 2004). In our 

study, the introduction of 3-methylbenzyl and 3-methoxybenzyl substituents significantly 

enhanced cytotoxicity compared to harmine, with further improvement in compound 6 with the 

addition of a second methyl or methoxy group at the benzyl 5-position. This highlights the 

importance of N9 substitution in increasing harmine's anticancer efficacy.  

The antiproliferative structure-activity relationship (SAR) research in our study showed that the 

inhibitory effect of harmine was markedly improved by particular substituents. The incorporation 

of 3-methylbenzyl and 3-methoxybenzyl substituents evidently increased cytotoxicity relative to 

harmine (compounds 3 and 9), with further enhancement observed upon the inclusion of a second 

methyl or methoxy group at the benzyl 5-position (compounds 6 and 10). In contrast, 

electronegative substituents at the benzyl 3-position diminished action, resulting in reduced 

potency compared to harmine (compounds 12, 15, 19, and 22). Conversely, electronegative groups 

at the 2-position yielded similar or enhanced cytotoxic effects (compounds 11 and 18), with chloro- 

and nitro-substituted derivatives (compounds 14 and 21) demonstrating significantly improved 

efficacy against the Jurkat cell line. Among the aliphatic harmine derivatives (compounds 25–34), 

only slight enhancements in activity were noted compared to harmine. Notably, compounds with 

4-bromopentyl (33) and 6-bromohexyl (34) substituents did not demonstrate the significant 

cytotoxicity previously documented by Du et al. (2016). 

Regarding the halogenated alkyl derivatives, halogenated alkyl groups are acknowledged for their 

vulnerability to nucleophilic substitution, especially when biological nucleophiles such alcohols, 

thiols, and amines are present. Their potential chemical reactivity establishes valuable 

consideration in the understanding of biological activity. Although there is currently no direct 

experimental literature data indicating that these aliphatic harmine derivatives undergo substantial 

changes by such nucleophiles under in vitro cell culture conditions, this idea remains plausible. 

This may partially explain the discrepancy between our findings and those reported by Du et al. 

(2016). The N9-haloalkyl harmine derivatives exhibited diverse antiproliferative activity across the 

evaluated cancer cell lines, with IC50 values varying from nanomolar levels in MCF-7 breast cancer 

cells to micromolar concentrations in SGC-7901 gastric cancer and SMMC-7721 liver cancer cells. 

All N9-haloalkyl compounds have shown superior efficacy in suppressing cancer cell proliferation 

relative to their N9-alkyl counterparts. The lethal efficacy of N9-substituted derivatives correlated 

with the length of the halogenated alkyl chain, in the following descending order: 6-bromohexyl > 

5-bromopentyl > 4-bromobutyl. Furthermore, N9-substitution with a 4-chlorobutyl group led to 

diminished cytotoxic activity relative to the 4-bromobutyl analogue in MCF-7 and SMMC-7721 
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cell lines, however a contrasting trend was noted in SGC-7901 and A549 cells, where the 

chlorinated derivative demonstrated enhanced activity. Unlike the other established cell lines 

(SGC-7901, SMMC-7721, and A549), MCF-7 cells displayed sensitivity solely to N9-haloalkyl-

substituted derivatives, while exhibiting resistance (IC50 > 50 µM) to their respective simple 

aliphatic alkyl counterparts (Du H. et al. 2016; Tshikhudo P. P. et al. 2023). 

To address our next aim which is to investigate how this active compound influences the 

progression of the cell cycle, we used the flow cytometric method to examine the effects of 

compound 6 on the cell cycle in MOLT-4 cells. Our findings indicated that following 24 hours of 

treatment, there was an elevated fraction of cells in the G1 phase, coupled with a decrease in the S 

phase population. After 48 hours of treatment, we observed that the effects continued and were 

accompanied by a significant increase in the sub-G1 population which indicated the derivative's 

capability for apoptosis induction. Our results are in parallel with Shen et al. (2018), whose flow 

cytometric results showed a cell cycle arrest at the G1/S phase when harmine was tested in A549 

non-small cell lung cancer (NSCLC) cells (Shen J. et al., 2018). In a study conducted by Zhai Y. et 

al. (2025), harmine exhibited neither cytotoxic nor apoptotic effects in normal human lung 

fibroblasts (MRC-5) at concentrations ranging from 2.5 to 10 µM for 48 hours via flow cytometric 

analysis. This is consistent with our flow cytometric results as well as our cytotoxic screening 

results, IC50 values, xCELLigence analysis and Trypan blue exclusion assay which all revealed that 

harmine derivative 6 has minimum effect on MRC-5 non-cancerous cells. This enhances the 

compound’s selectivity towards cancer cells and emphasizes its safety property. 

Our next aim was to assess the compound's capacity to trigger apoptosis and so to begin we 

assessed the capability of compound 6 to induce apoptosis in MOLT-4 cells via Annexin V/PI 

staining using flow cytometry over a duration of 24 and 48 hours with concentrations ranging from 

5-25 µM. Our findings indicated an increase in the proportion of late apoptotic cells (Annexin V-

positive, PI-positive) as well as a substantial reduction in MOLT-4 cell viability after 48 hours of 

treatment. We further went on to assess the compound’s ability to trigger apoptosis because of DNA 

fragmentation via the TUNEL assay. We treated MOLT-4 cells with compound 6 at concentrations 

ranging from 5 to 25 µM for a duration of 24 and 48 hours, followed by TUNEL flow cytometry 

analysis. Although the control cells showed no substantial FITC-dUTP labelling, after treatment 

with compound 6, a strong TUNEL dUTP fluorescence signal was detected. After 48 hours, the 

level of cells with DNA fragmentation and consequently apoptosis reaches 64 % and 77 % for 20 

and 25 µM of 6, respectively. Altogether, the results found in the DNA fragmentation TUNEL 

experiments were in parallel to our previous Annexin V/PI findings which further supported the 

apoptosis-inducing activity of compound 6. Previous research has extensively established 

harmine’s ability to trigger the apoptotic pathways, as shown by Hamsa and Kuttan (2011). Their 

research showed that it downregulated Bcl-2 expression in B16F-10 melanoma cells while 

promoting apoptosis through the upregulation and activation of Bax, caspase-3, -8, -9, and Bid. 

Following this, we went on to investigate the effects of harmine and compound 6 on the apoptotic 

pathways by observing how the influence caspases 3/7, caspase 8 and caspase 9 activity. Our 

findings revealed that harmine and compound 6 activated both the extrinsic (caspase-8) and 
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intrinsic (caspase-9) apoptotic pathways. As well as the activation of the executioner caspases-3 

and -7 downstream of the apoptotic pathways. These experiments confirmed our compound’s 

ability to trigger apoptosis.  

Considering the proapoptotic and cell cycle regulatory effects of compound 6, we next investigated 

the molecular mechanisms behind these qualities following the final aim of our study. We first 

utilized Western blotting to check the compound’s effect on key regulatory proteins that are 

involved apoptosis and the progression of the cell cycle. For the Western blot analysis, we lysed 

MOLT-4 cells and treated them with 10 µM and 15 µM of compound 6 for 4 hours to examine the 

levels of apoptosis-related and cell cycle regulatory proteins. Cells treated with 0.1% DMSO served 

as negative controls, whereas cells treated with 5 µM cisplatin were used as positive controls to 

confirm the proapoptotic effect. Our results presented a decrease in the expression of 

phosphorylated retinoblastoma (p-Rb) protein levels compared to the negative control. Since p-Rb 

plays a critical role in promoting cell cycle transition from the G1 to S phase, its downregulation 

suggests that compound 6 induces G1/S phase cell cycle arrest. Our results are like that of Shen et 

al. (2018), who found out that harmine induced a G1/S phase cell cycle arrest and inhibited the 

proliferation of NSCLC cells (Hu Y. et al., 2024; Shen J. et al., 2018). We also observed a rise in 

p27 expression which is also involved in cell cycle arrest. This further supports our hypothesis that 

compound 6 can cause cell cycle arrest. In addition, our results revealed a dose-dependent increase 

in the expression of phosphorylated p38 MAPK (p-p38 MAPK) and SAPK/JNK levels after 

treatment with compound 6. Consistent with our findings, Ock et al. (2021) reported that harmine 

hydrochloride restricts the cell cycle progression of breast cancer cells by regulating MAPK and 

AKT signaling pathways, suggesting that inhibitory effect of harmine may be mediated through 

these pathways (Ock C. et al., 2021). These results indicate that both compounds 6 and harmine 

may promote apoptotic cell death through the activation of stress-responsive MAPK pathways. 

Furthermore, harmine has been shown to considerably upregulate the level of proapoptotic protein 

Bax while suppressing the anti-apoptotic protein Bcl-2 in colon cancer Caco-2 cells (Lui F. et al., 

2024). Our Western blot analysis correspondingly revealed that compound 6 substantially regulates 

these apoptotic regulators, inducing a dose-dependent reduction in Bcl-2 expression while 

upregulating Bax, highlighting its proapoptotic function. 

Delving deeper into the molecular mechanisms of compound 6, we investigated if it could cause 

SSB or DSB. Given that DNA damage is a key mechanism of action for many clinically established 

anticancer drugs, such as doxorubicin, we conducted immunofluorescence analysis of genotoxic 

stress markers after a 2-, 6- and 24-hour treatment period with a concentration of 20 µM of harmine 

and compound 6. Specifically, we examined PAR levels for SSB and γH2AX levels for DSB to 

assess whether compound 6 and harmine are capable of inducing DNA damage in leukemic MOLT-

4 cells. Our results showed a rise in both PAR and γH2AX levels indication that both compounds 

are able to cause DNA damage via SSB and DSB. A study done by Zhao and Wink also 

demonstrated that treatment with harmine led to an increase in γH2AX levels in MCF-7 breast 

cancer cells (Zhao L. et al., 2013). Moreover, to find out if this DNA damage is not because of 

oxidative stress via an increase in reactive oxygen species (ROS), ROS formation was analyzed by 
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flow cytometry using the CellROX® Green probe, which is nonfluorescent in its reduced state but 

emits a strong fluorescent signal upon oxidation. Our results showed no increase in CellROX 

fluorescence after 24 hours of treatment with 20 µM harmine or compound 6 which means they 

induced DNA damage without depending on increased ROS generations. Elevated ROS levels have 

the potential to support the antiapoptotic and metastatic properties of cancer cells (Kim S. J. et al., 

2019). 

Earlier studies have showed that the anticancer potential of harmine may be diminished by its off-

target inhibition of monoamine oxidase-A (MAO-A), the enzyme whose function is the degradation 

and reuptake of monoamines such as serotonin and norepinephrine, thus affecting multiple 

signaling pathways within the nervous system (Santillo M. F.et al., 2014; Myburg T. et al.2022). 
Harmine is a high potency inhibitor of MAO-A as seen with an IC50 of 0.0041 µM in a study by 

Myburg et al., (2022) and an IC50 of 60 nM in another study by Tarpley, M et al. (2021). Inhibition 

of MAO-A can be beneficial, as selective MAO-A inhibitors like phenelzine and isocarboxazid are 

used to treat depression and neuropsychiatric disorders. However, it may lead to excessive 

accumulation of synaptic monoamines, causing side effects such as agitation, flushing, tachycardia, 

and seizures (Patel P. et al. 2025). Additionally, MAO-A inhibition raises safety concerns as it can 

increase the risk of serotonin toxicity when combined with other serotonergic medications, 

particularly in cancer treatments (Werneke U. et al. 2020). Since the neurotoxicity of harmine, 

resulting from unwanted competitive inhibition of MAO-A, has been a major problem to its 

possible clinical use in anticancer therapy, we evaluated the in vitro inhibitory potential of 

compound 6 against human MAO-A. Harmine exhibited potent MAO-A inhibitory activity, with 

an IC50 value of 0.08 ± 0.01 µM. In contrast, compound 6 exhibited only moderate MAO-A 

inhibition, with an IC50 value of 254.40 ± 33.89 µM. Bearing in mind that the IC50 values for 

cytotoxic activity in MOLT-4 cells were in the low micromolar range, while the MAO-A inhibitory 

IC50 value of compound 6 was in the high micromolar range, these results suggest a promising 

therapeutic window and theoretically reducing the possibility of dose-limiting neurotoxicity. 
Compound 6’s exhibition of minimal off-target affinity for MAO-A overcomes the limitations of 

harmine-induced neurotoxicity and displays its potential as an anticancer candidate. This is 

consistent with prior findings that harmine's inhibitory effect against MAO-A is modulated by a 

substitution at the N9 site. Bálint et al. (2017) found that increasing the size of the substituent 

results in a significant reduction in MAO-A inhibitory action, with the benzyl derivative being one 

of the least potent (Bálint B. et al. 2017). 

Following the investigations about the molecular mechanisms of our compounds, we explored the 

pharmacokinetic and physicochemical properties of a selection of compounds from our created 

library of harmine derivatives. An optimal drug candidate should not only be potent but should 

have the optimum qualities with regards to absorption, distribution, metabolism, and excretion 

(ADME) to be used clinically. To complete this evaluation, we used an in silico assessment online 

tool called SwissADME. It is a free online tool developed by the Swiss Institute of Bioinformatics 

(SIB) (Daina A. et al., 2017) and was used to predict the molecular weight (MW), hydrogen bond 

acceptor (HBA) count and hydrogen bond donors (HBD) count, partition coefficient octanol-water 
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(cLogPO/W), topological polar surface area (TPSA), gastrointestinal (GI) absorption, water 

solubility (solubility ESOL), blood-brain barrier (BBB) permeability, and P-glycoprotein (P-gp) 

substrate status of each compound by using SMILES (Simplified Molecular Input Line Entry 

System) notations. For the analysis, we selected compounds which had antiproliferative activity 

between 0 – 50 %. Our results showed that compound 6 follows Lipinski's rule of five (Lipinski C. 

A. et al., 2001), has a good solubility of 1.38 mg/L and has high gastrointestinal absorption. These 

results suggest that compound 6 has the likelihood for administration via the enteral route and so 

may be developed as a drug candidate which can be taken orally. It was also revealed to have the 

capability to cross the BBB which implied that it has the potential to exert pharmacological effects 

within the central nervous system (CNS). 

Finally, to evaluate the safety profile of our compounds, we further analyzed them using ProTox 

3.0. It is an online platform that can be utilized for in-silico toxicity prediction (Banerjee P. et al., 

2024). By employing machine learning methods, it estimates the median lethal doses (LD50) of 

substances and can place them into toxicity classes that are based on the Globally Harmonized 

System (GHS) for chemical categorization. For it to be used, SMILES are input into ProTox-3.0, 

and it calculates the LD50 and GHS Toxicity class. Our results predicted that compound 6 has an 

LD50 dosage of 850 mg/kg and was placed under toxicity class 4. Class 4 toxicity corresponds to 

compounds with an LD50 between 300 and 2000 mg/kg, indicating potential harm if ingested, 

although not acutely lethal (Banerjee P. et al., 2024). In a study by Mosaad et al. (2017), Adriamycin 

(doxorubicin) had an LD50 of 56.875 mg/kg and was placed in Class 3 toxicity, however it is still 

normally used in clinical practice (Mossad R. et al., 2017). This means that compound 6, which is 

in the Class 4 toxicity category, can be placed within the acceptably toxicity range to be appropriate 

for drug development and usage.  

The powerful anticancer properties of compound 6 with its balanced pharmacokinetic and toxicity 

profile as well as its potential for less neurotoxicity, showcases it as a promising pharmacological 

candidate for effective drug development. 
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8. Conclusion 

In conclusion, this doctoral study brings new evidence and original observations regarding the 

potential of β-carboline alkaloids such as harmine, particularly the newly prepared derivative, 

compound 6, as promising anticancer agents. Compound 6, modified at the N9 position with a 3,5-

dimethylbenzyl group, showed selective cytotoxicity, significantly reducing cancer cell growth 

while sparing the non-cancerous MRC-5 cells. At a concentration of 10 µM, it displayed 

pronounced cytotoxicity against the A2780, Jurkat and MOLT-4 cell lines, resulting in a mean cell 

growth of 60 %, as compared to 79 % observed with harmine. Our IC50 values further confirmed 

its selectivity, with the IC50 values of the cancer cell lines below 10 µM compared to over 100 µM 

for the MRC-5 non-cancerous cells. Treatment on our model cell line, MOLT-4, with compound 6 

and with flow cytometric cell cycle analysis, we saw an increase in the cell population in the G1 

phase and a reduction of cells in the S phase. We also observed the activation of the apoptosis 

pathways via caspases -3/7, -8 and -9 activities. Analysis with Western blot presented reduced 

phosphorylated retinoblastoma protein, increased p27 levels, and upregulation of proapoptotic Bax 

while suppressing anti-apoptotic Bcl-2. Furthermore, compound 6 caused DNA damage, as 

evidenced by increased PAR and γH2AX levels, indicating single-strand and double-strand breaks 

respectively. It should also be highlighted that compound 6 showed lesser inhibitory activity 

against MAO-A compared to harmine and did not induce ROS production, both of which are 

associated with minimalizing the risk of adverse effects. In addition, with in silico studies, we 

revealed that compound 6 had favorable pharmacokinetic and toxicity properties. The integration 

of these qualities place compound 6 as a promising candidate for anticancer therapy. Nevertheless, 

additional studies are still required to validate its therapeutic candidate properties and aid in its 

advancement toward clinical application. Seeing as halogenated alkyl groups are known for their 

vulnerability to nucleophilic substitution, and the discrepancies between our results and that of Du 

et al. (2016), a possible next step in our study could be to further explore the biological and 

cytotoxic activities of the halogenated alkyl derivatives of harmine. Further steps in this research 

should incorporate in vivo studies to assess the anticancer potential of harmine and its derivatives 

beyond in vitro settings. As well, pharmacodynamic assessments will be essential for determining 

optimal dosage and bioavailability in so doing establishing a detailed foundation for successive 

preclinical progress in drug development. 
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